Oxygen molecule adsorptions on a Pu(100) surface have been studied in detail, using the generalized gradient approximation to density functional theory. Dissociative adsorption with a layer by layer alternate spin arrangement of the plutonium layer is found to be energetically more favorable compared to molecular adsorption. Hor 2 approach on a bridge site without spin polarization was found to the highest chemisorbed site with an energy of 8.787 eV among all the cases studied. The second highest chemisorption energy of 8.236 eV, is the spin-polarized Hor 2 or Ver approach at center site. Inclusion of spin polarization affects the chemisorption processes significantly, non-spin-polarized chemisorption energies being typically higher than the spin-polarized energies. We also find that the 5f electrons to be more localized in spinpolarized cases compared to the non-spin-polarized counterparts. The ionic part of O-Pu bonding plays a significant role, while the Pu 5f -O 2p hybridization was found to be rather week. Also, adsorptions of oxygen push the top of 5f band deeper away from the Fermi level, indicating further bonding by the 5f orbitals might be less probable. Except for the interstitial sites, the work functions increase due to adsorptions of oxygen. 
Introduction
Considerable theoretical efforts have been devoted in recent years to studying the electronic and geometric structures and related properties of surfaces to high accuracy. One of the many motivations for this burgeoning effort has been a desire to understand the detailed mechanisms that lead to surface corrosion in the presence of environmental gases; a problem that is not only scientifically and technologically challenging but also environmentally important. Such efforts are particularly important for systems like the actinides for which experimental work is relatively difficult to perform due to material problems and toxicity. As is known, the actinides are characterized by a gradual filling of the 5f -electron shell with the degree of localization increasing with the atomic number Z along the last series of the periodic table. The open shell of the 5f electrons determines the magnetic and solid-state properties of the actinide elements and their compounds and understanding the quantum mechanics of the 5f electrons is the defining issue in the physics and chemistry of the actinide elements. These elements are also characterized by the increasing prominence of relativistic effects. Studying them can, in a e-mail: akr@uta.edu fact, help us to understand the role of relativity throughout the periodic table. Narrower 5f bands near the Fermi level, compared to 4d and 5d bands in transition elements, are believed to be responsible for the exotic structure of actinides at ambient condition [1] . The 5f orbitals have properties intermediate between those of localized 4f and delocalized 3d orbitals and, as such, the actinides constitute the "missing link" between the d transition elements and the lanthanides [2] . Thus, a proper and accurate understanding of the actinides will help us understand the behavior of the lanthanides and transition metals as well.
Among the actinides, plutonium (Pu) is particularly interesting in two respects [3] [4] [5] [6] . First, plutonium has, at least, six stable allotropes between room temperature and melting at atmospheric pressure, indicating that the valence electrons can hybridize into a number of complex bonding arrangements. Second, plutonium represents the boundary between the light actinides, Th to Pu, characterized by itinerant 5f electron behavior, and the heavy actinides, Am and beyond, characterized by localized 5f electron behavior. In fact, the high temperature fcc δ-phase of plutonium exhibits properties that are intermediate between the properties expected for the light and heavy actinides. These unusual aspects of the bonding in bulk plutonium are apt to be enhanced at a surface
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The European Physical Journal B or in an ultra thin film of plutonium adsorbed on a substrate, due to the reduced atomic coordination of a surface atom and the narrow bandwidth of surface states. For this reason, plutonium surfaces and films and adsorptions on these may provide a valuable source of information about the bonding in plutonium.
This work has concentrated on square plutonium layers corresponding to the (100) surface of plutonium and adsorptions of molecular oxygen O 2 , on such surfaces, using the formalism of modern density functional theory. Although the monoclinic α-phase of plutonium is more stable under ambient conditions, there are advantages to studying δ-like layers. First, a very small amount of impurities can stabilize δ-Pu at room temperature. For example, Pu 1−x Ga x has the fcc structure and physical properties of δ-Pu for 0.020 ≤ x ≤ 0.085 [7] . Second, grazing-incidence photoemission studies combined with the calculations of Eriksson et al. [8] suggest the existence of a small-moment δ-like surface on α-Pu. Our work on plutonium monolayers has also indicated the possibility of such a surface [9] . Recently, high-purity ultrathin layers of plutonium deposited on Mg were studied by X-ray photoelectron (XPS) and high-resolution valence band (UPS) spectroscopy by Gouder et al. [10] . They found that the degree of delocalization of the 5f states depends in a very dramatic way on the layer thickness and the itinerant character of the 5f states is gradually lost with reduced thickness, suggesting that the thinner films are δ-like. Localised 5f states, which appear as a broad peak 1.6 eV below the Fermi level, were observed for one monolayer. At intermediate thickness, three narrow peaks appear close to the Fermi level and a comparative study of bulk α-Pu indicated a surface reorganization yielding more localized f -electrons at thermodynamic equilibrium. Finally, it may be possible to study 5f localization in plutonium through adsorptions on carefully selected substrates for which the adsorbed layers are more likely to be δ-like than α-like.
The anomalous properties of δ-Pu have triggered extensive studies on its electronic structures and ground state properties over the years. Different levels and types of theories have been proposed and used to deal with this strongly correlated system. Standard density functional theory (DFT), which works well for the lighter actinides, was found to be inadequate to for the description of some of the ground state properties of δ-Pu [11] . For example, DFT in the local density approximation (LDA) for the electron exchange and correlation effects underestimates the equilibrium volume up to 30% and predicts an approximately four times too large bulk modulus [12, 13] . The electronic structure is, in fact, incompatible with photoemission spectra. On the other hand, theories beyond LDA, such as, the self-interaction-corrected (SIC) LDA studied by Petit et al. [14] predicted a 30% too large equilibrium volume. Penicaud [15] performed total energy calculations in the local density approximation using fully relativistic muffin-tin orbital band structure method. For δ-Pu, the 5f 5/2 electrons were uncoupled from the s, p and d electrons to reproduce the experimental value of the equilibrium atomic volume. Also an adjustable parameter was introduced to get a better theoretical representation of δ-Pu. Using 'mixed-level' model, where the energies were calculated at both localized and delocalized 5f configurations, Eriksson et al. [16] reproduced reseasonable equilibrium volumes of U , Pu and Am. There have been also attempts to use the LDA+U method, where U is the adjustable Hubbard parameter, to describe the electron correlation within the dynamical mean field theory (DMFT) [17] . The experimental equilibrium δ-Pu volume was reproduced, with U equal to 4 eV.
As is known, the existence of magnetic moments in bulk δ-Pu is also a subject of great controversy and significant discrepancies exist between various experimental and theoretical results. To this end, we comment on a few representative works in the literature, partly to mention explicitly some of the controversies. Susceptibility and resistivity data for δ-Pu were published by MeotReymond and Fournier [18] , which indicated the existence of small magnetic moments screened at low temperatures. This screening was attributed to the Kondo effect. Recent experiments by Curro and Morales [7] of 1.7 percent Ga-doped δ-Pu conducted at temperatures lower than the proposed Kondo Temperature of 200-300 K showed little evidence for local magnetic moments at the Pu sites. Though there is no direct evidence for magnetic moment, spin-polarized DFT, specifically the generalizedgradient-approximation (GGA) to DFT, has been used by theoreticians, in particular, to predict the magnetic ordering and the ground state properties of δ-Pu. This is partly due to the fact that spin-polarized DFT calculations do predict better agreement with photoemission data. Basically, inclusion of the spin polarization enhance the electron localization to plutonium atoms, which is needed for the description of δ-Pu. Niklasson et al. [19] have presented a first-principles disordered local moment (DLM) picture within the local-spin-density and coherent potential approximations (LSDA+CPA) to model some of the main characteristics of the energetics of the actinides, including δ-Pu. The authors also described the failures of the local density approximation (LDA) to describe 5f localization in the heavy actinides, including elemental Pu. The DLM density of states was found to compare well with photoemission on δ-Pu, in contrast to that obtained from LDA or the magnetically ordered AFM configuration. On the other hand, Wang and Sun [20] , using the full-potential linearized augmented-plane-wave (FP-LAPW) method within the spin-polarized generalized gradient approximation (SP-GGA) to density functional theory, without spin-orbit coupling, found that that the antiferromagnetic-state lattice constant and bulk modulus agreed better with experimental values than the nonmagnetic values of δ-Pu. Using the fully relativistic linear combinations of Gaussian-type orbitals-fitting function (LCGTO-FF) method within GGA, Boettger [21] found that, at zero pressure, the AFM (001) state was bound relative to the non-magnetic state by about 40 mRy per atom. The lattice constant for the AFM (001) state also agreed better with the experimental lattice constant as compared to the nonmagnetic lattice constant.
